The ability of a population to adapt to a changing environment depends on its genetic variation. Thus, the study of genetic diversity within and among species or populations is especially important on conservation biology scopes. One way to assess the genetic diversity is through the use of microsatellite molecular markers. Microsatellites have been widely used to answer population genetics issues as gene flow, parentage, and population structure, mostly resulting in data on the distribution of genetic variability within and among natural populations, which are essential for ex situ and in situ conservation procedures. As the Psittacidae family comprehends one of the birds group with the largest number of endangered species, studies that aim to investigate the genetic diversity of these animals may support their conservation. This article is a review of genetic data on parrots, through the use of microsatellite markers, that have been published since 2004.
Introduction
From the year 1600 until today it is estimated that many organisms have become extinct in wild environments, a fact that reflects on an accelerated loss of species that exceeds the natural rate of extinction. There are several causes of this loss, but one of the most important factors is habitat destruction mainly caused by human activity [1] . In some cases, human intervention is needed to ensure the survival of species and their populations. Taking into account this scenario, there is currently a great concern for biodiversity preservation in order to prevent the extinction of other species. The definition of biodiversity includes not only the ecological variability (number of species in a community and their interactions), but also the genetic variability that is essential for natural selection, and thus to the evolution of species. Therefore, the International Union for Conservation of Nature (IUCN) recognizes the requirement to conserve the genetic diversity as one of the three global conservation priorities (World Conservation Strategy, IUCN-UNEP-WWF, 1980). Nowadays, several techniques are available for the detection of genetic diversity, i.e. for identifying DNA polymorphism, including the microsatellite ones. This marker is easily amplified by PCR, requiring no large initial amounts of DNA samples. Another advantage of its use compared to other molecular markers is the fact that it has high polymorphism due to a large variation in the number of repetitions. Furthermore, the microsatellite loci have co-dominant multi-allelic expression which permits the discrimination of homozigous and heterozigous genotypes, facilitating the characterization of different populations by allele frequency analysis [2] . Therefore, genetic diversity data, based on microsatellites, can be used for monitoring the genetic variability of species and support management actions to prevent the loss of genetic diversity over time. The genetic diversity obtained from microsatellite data is, in most cases, negatively correlated with the risk of extinction [3] .
There are several other utilities of microsatellite markers for conservation purposes. As the intraspecific genetic variability is crucial for the persistence of species in wild environments, the diagnosis of genetic variation and how it is geographically distributed are crucial points to characterize its conservation status. Furthermore, a species may be formed by separate units [4] . When a population is divided into isolated sub populations, genetic drift can lead to loss of alleles resulting on different allele frequencies within each sub populations [5] . In the same way, knowledge of the degree of relatedness between individuals is very useful in studies of evolution and behavior [6] , although the complete pedigree of individuals generally cannot be determined due to limitations such as difficulty in adults catching. Social family occurrences, which differ from biological family statements, can also restrain a robust pedigree analysis [7] . For these reasons, genetic studies are being widely deployed in this approach and microsatellites are very effective for elucidating the mating system, using data of relatedness between individuals. Another application of the analysis of kinship is the choice of founding couples for captive breeding programs. The population must be managed in order to retain as much genetic variation as possible in order to generate a viable long-term population.
One group of birds that deserves attention on conservation biology comprehends the Neotropical parrots (Family Psittacidae) that stand for one of the most threatened bird species in the world [8] [9] . Beside environmental factors such as deforestation, resource extraction, and climate change [10] , also illegal trapping and nest poaching for pet trade have become major reasons for the decline of many species in wild habitats [11] [12] . Besides, the popularity of parrots in the pet trade contrasts with the lack of knowledge on their biology, population genetic structure, and phylogenetic relationships [11] [13] . The Psittacidae family is composed of approximately 374 species of macaws, parrots, and parakeets that are mainly distributed in the range of the globe between the tropics of Cancer and Capricorn. Nowadays, 26% of the species are considered as threatened related to their risk of extinction [8] .
Thus, the aim of this article was to conduct a review on published data in the last 10 years (since 2004) pertinent to genetic diversity estimates based on microsatellite markers in parrots species. The survey was conducted in Google Scholar and Web of Science databases using the words "genetic diversity", "microsatellite" and "parrots".
Results and Discussion
The database search revealed 34 papers, involving 29 species, that included genetic diversity analyses using microsatellite markers ( Table 1 ). Considering that there are approximately 374 species in the Psittacidae family, the number of publications is still reduced. Among the surveyed articles, 19 included the development of species-specific microsatellite loci and/or heterologous loci test. Moreover, some of them also compared the genetic diversity among phylogenetically related species. The other 15 articles using microsatellites were aimed to elucidate the population genetic structure, verify the existence of cryptic species, correlate the population genetic structure with vocal dialects, test the efficiency of nonivasive DNA sampling, verify the existence of extra-pair copulation throught the mating system analyses, estimate the relationship indexes to assist breeding programs in captivity, and check consequences of management of natural populations.
Ten polymorphic microsatellite loci were isolated from Eclectus parrot (Eclectus roratus) [14] . This parrot Melopsitacus undulatus X Loci isolation, Genetic diversity [16] Neophema chrysogaster X Loci isolation, Genetic diversity [18] Cyanoramphus forbesi X Loci isolation, Genetic diversity, Hybridization [19] [20]
Cyanoramphus auriceps X Genetic diversity, Genetic differentiation [21] Cyanoramphus novaezelandiae novazelandiae X Genetic diversity, Genetic differentiation [21] Platycercus elegans X Speciation, Population genetic structure, Amazona auropalliata X Population genetic structure, Vocal variation [34] Amazona farinosa X Cross-species amplification, Genetic diversity [36] Amazona collaria X Genetic diversity, Relatedness [37] Amazona agilis X Genetic diversity, Relatedness [37] Ara ararauna X X Loci isolation, Cross-species amplification, DNA extraction of molted feather, Population genetic structure [35] Ara severus X Cross-species amplification, Genetic diversity [36] Orthopsittaca manilata X Cross-species amplification, Genetic diversity [36] Anodorhynchus hyacinthinus X X Cross-species amplification, Genetic diversity, Population genetic structure [41] [44] [46] Anodorhynchus leari X Cross-species amplification, Genetic diversity [46] Psittacus erithacus X Loci isolation, Genetic diversity [45] Cyanopsitta spixii X Cross-species amplification, Genetic diversity [46] Myiopsitta monachus X Loci isolation, Population genetic structure, Invasion biology, Relatedness, Mating system [47] [48]
Cyanoliseus patagonus X Loci isolation, Genetic diversity [50] Poicephalus robustus X Loci isolation, Genetic diversity [23] Psittacula eques X X Loci isolation, Mating system, Population genetic structure, Management, Reintroduction [51] - [54] lives in Solomon Island, New Guinea, Australia, Maluku Island and is not endangered [9] . Using these microsatellites, it was possible to study the mating system of the species, considering that there is a large number of males in each group. The study showed that the groups are not entirely composed of relatives and it seems that the composition of the groups occurred due to the lack of females throughout the years [15] . For another Australian parrot, the Budgerigar parakeet (Melopsittacus undulatus), 20 microsatellite loci were developed [16] . Although this parrot is not a threatened species, it is widely used in captivity and, therefore, is commonly removed from nature. This species can be used as a model for longevity due to its high relative oxygen consumption, high glucose level, and an above average body temperature [17] . A critically endangered parrot species, the Orange-bellied parrot (Neophema chrysogaster), from Australia and south-western Tasmania, was also genetically analyzed using microsatellite data [9] . Fourteen microsatellite loci were primarily developed in order to inform and monitor conservation efforts both in a captive breeding colony and in the remaining wild populations [18] .
The endemic New Zealand specie Forbes' parakeet (Cyanoramphus forbesi) can hybridizes with the Chatham Island Redcrowned parakeet (C. novaezelandiae chathamensis). C. forbesi may still have an extremely small pure-bred adult population and it is therefore precautionary considered endangered. To measure the genetic variation in the Forbes' parakeet populations and to monitor its hybridization, six species-specific microsatellite loci were developed for Forbes's parakeet [19] . The microsatellites data permit to verify allele introgression of C. navazelandiae chathamensis [20] . It was also possible to test the designed microsatellite primers of Forbes' parakeet as heterologous PCR oligonucleotides in order to amplify microsatellite loci in two other Cyanoramphus species (C. auriceps and C. novaezelandiae novaezelandiae) [21] .
The successful use of heterologous primers in other phylogenetically close species can reduce the financial costs of research. Using microsatellite loci that were developed for Forbes' parakeet (C. forbesi) [19] , Eclectus parrot (Eclectus roratus) [14] , St. Vincent Amazon (Amazona guildinguii) [22] , Cape parrot (Poicephalus robustus robustus) [23] , Carnaby's Black-cockatoo (Calyphorhynchus latirostris) [24] , and Green-rumped parrotlet (Forpus passerines) [25] , it was possible to study the complex of species Crimson rosella (Platycercus elegans) [26] . This complex has been considered as an example of the ring speciation hypothesis [27] and, together with the mitochondrial DNA, microsatellites were used to discuss its model in order to understand the history and the present genetic structure of this species [26] . Based on this research, the patterns of genetic diversity obtained for Platycercus elegans were compared [26] to the geographic variation in vocalization. The vocal variation in the species may coincide with areas of restricted gene flow among geographically continuous populations. The results also suggested that cultural traits can lead to reduced gene flow and promote speciation even without geographical barriers [28] .
Concerning to parrots of Central and South America, microsatellite loci were developed for St. Vincent Amazon (Amazona guildinguii) [22] [29] . This specie is considered vulnerable and the microsatellites were used to estimate relatedness between captive individuals to assist in breeding programs maximizing gene diversity and minimizing inbreeding [30] . Other authors tested the primers developed for Amazona guildinguii [22] [29] in three other species of the genus: two endemic species of the Atlantic forest, the Red-tailed (A. brasiliensis) and the Red-spectacled (A. pretrei) amazons, are classified as vulnerable, and the Blue-fronted Amazon (A. aestiva) is not listed as a threatened species but it is intensively captured in wild areas for pet trade [31] . The polymorphic microsatellite loci of A. aestiva were used to compare the genetic diversity among four populations of Brazil and one populations of Argentina. The obtained data just evidenced a genetic structure between the populations on the extremity locations, and a clinal distribution of genetic diversity [32] . This information should be included in conservation strategies of this species. Microsatellite primers that were designed for Amazona guildinguii [22] [29] were also used on genetic analysis in order to detect cryptic diversity in the complex Cuban parrot (Amazona leucocephala) [33] . Besides, A. guildinguii designed microsatellite primers were also applied on Amazona auropalliata, revealing that there is no relationship between the genetic population structure and different dialects, in other words, high rates of gene flow were estimated between different vocal dialects [34] .
Primers developed to St. Vincent Amazon [22] [29] and Blue-and-gold macaw [35] were re-designed to amplify smaller fragments and to be used with samples containing DNA of poor quality [36] . Moreover, amplification and polymorphism identification using these primers were tested in Blue-and-yellow macaw (Ara ararauna), Red-and green-macaw (Ara chloropterus), Scarlet macaw (Ara macao), Chestnut-fronted macaw (Ara severus), Red-bellied macaw (Orthopsittaca manilata), and mealy parrot (Amazona farinosa) [36] . The same primers were used in two critically endangered Neotropical parrots (Amazona collaria and Amazona agilis) to identify full sibling groups among individuals that had been confiscated due to illegal trade and were kept at the Vienna Zoo [37] . The obtained data will also serve to prioritize future breeding decisions in both species [36] . Moreover, the re-designed primers [36] were tested for microsatellites amplification in DNA samples extracted from feathers of Blue-and-yellow macaw (Ara ararauna), Red-and-green macaw (Ara chloropterus), and Scarlet macaw (Ara macao) [38] , that were collected on the floor. This kind of non-invasive sampling is extremely useful on conservation biology analyses as it does not depend on capturing of the animals [38] .
Another study developed five primer sets for amplification of microsatellites of the Cuban Amazon (Amazona leucocephala) [39] . Data on these loci may be used to answer questions about the species or other closely related species genetic variability, since it is considered vulnerable and has large regional dialects throughout its range in Central America.
Microsatellite primers that were designed for Chicken (Gallus gallus) [40] and for Hyacinth macaw (Anodorhynchus hyacinthinus) (Scott K. Davis, unpublished) were tested in Hyacinth macaw (A. hyacinthinus), Blueand-yellow macaw (Ara ararauna), Red-and-green macaw (Ara chloropterus), Red-spectacled amazon (Amazona pretrei), and Red-tailed amazon (Amazona brasiliensis). Only one of the chicken primers was monomorphic in all the analyzed species and both Hyacinth macaw primers were sucessfully applied in Hyacinth macaw and in the two Ara species. However, just one of these primers sets was able to amplify DNA segments in the genus Amazona [41] . The cross-species amplification and polymorphism are inversely related to the evolutionary distance between species [42] .
Also concerning South American macaws, specific microsatellites [35] were used to study the population genetic structure of Blue-and-yellow macaw (Ara ararauna) [43] . No genetic differences were verified between different Brazilian populations using microsatellites data although some divergences could be identified by mitochondrial DNA analyzes. DNA markers that have distinct inheritance patterns and evolutionary rates can be used to elucidate different aspects of an species biology and, in the case of Ara araruna, male-biased dispersal and female philopatry could better explain the different patterns observed with microsatellites and mtDNA [43] . A population genetic structure study was also performed in Hyacinth macaw (Anodorhynchus hyacinthus), using both mitochondrial DNA and microsatellite loci revealing the existence of two distinct genetic groups in Brazil [44] .
Microsatellites developed for St. Vincent Amazon [22] [29], Blue-and-yellow macaw [35] [36], and the African Grey Parrot (Psittacus erithacus) [45] were also tested in three endangered blue macaws from South America: Spix's macaw (Cyanopsitta spixii), Lear's macaw (Anodorhynchus leari), and Hyacinth macaw (Anodorhynchus hyacinthinus), and in two unthreatened macaws: Red-and-green macaw (Ara chloropterus), Scarlet macaw (Ara macao). The obtained data revealed that and many of them were polymorphic and, therefore, suitable for studies of kinship and population genetics [46] .
Population analyses on invaders species can also be performed using microsatellite data. Species-specific Primers were developed for the Latin American Monk parakeet (Myiopsitta monachus) which corresponds to one of the most widely successful parrot invaders. Therefore, genetic diversity studies can elucidate aspects of its behavior and the genetic mechanisms involved in the success of the invasion [47] . A microsatellite genetic diversity analysis revealed a low loss of genetic variation at invasive sites compared to the native site and a relatedness pattern analysis evidenced a sexual monogamy in the species. These patterns directly and indirectly suggest that a high propagate pressure has contributed to Monk parakeet invasion success [48] . On the other hand, the Myiopsitta monachus native specimens in Argentina are not monogamous and the authors found significant levels of extra-pair copulation and nest parasitism, a scenario that could be favored by the high density of Monk parakeets in this region [49] .
Still concerning South American parrots, microsatellite loci were isolated in the burrowing parrot (Cyanoliseus patagonus), a species that, although is not threatened, has population decline and is already extinct in places where it previously occurred [50] .
With respect to African and Mauritius parrots, polymorphic microsatellite loci were characterized in the Cape parrot (Poicephalus robustus), an endemic species of Southern Africa. According to the authors, the generated microsatellite data can contribute to the illegal trade of the species [23] . Twelve microsatellite loci were also described for the African Grey parrot (Psitacus erithacus) [45] , which is considered vulnerable [9] due to the extent of the harvest for international trade and habitat loss. These microsatellites loci were also investigated in Mauritius parakeet (Psittacula eques), an endangered species, which permitted to suggest the occurrence of extra-pair copulation. Breeding units often comprised a group of one female with more than one male, one of which was dominant and mated with and fed the female. This behavior can contribute with the extra-pair copulation [51] .
The efficiency of microsatellite primers designed for the African Grey parrot [45] was successfully tested in Mauritius parakeet (Psittacula eques). Besides, other 21 microsatellite loci were developed for this species [52] . The analysis of genotype data derived from these species-specific microsatellite markers showed that Psittacula eques presented genetic differences among populations before their management and these differences disappeared after this human intervention [53] . This study shows that management can benefit populations of endangered species by reducing the risk of loss of genetic diversity [53] . Still using this species as a model, the genetic effects of population management (as reintroduction and translocation) were simulated under various scenarios both at the metapopulation and subpopulation levels [54] . This kind of information is very important to recommend management actions in order to avoid the loss of genetic diversity [54] .
Conclusion and Future Recommendation
Although each species of parrot can present a distinct biological history, we can conclude that the genetic diversity assessment obtained by microsatellites is very useful in different aspects such as detecting differences in the genetic composition of populations, to understand evolutionary history, associate diversity genetics with vocal learning, find cryptic diversity, compare the genetic diversity of different species, verify extra-pair mating, among many other applications. Overall, this information may be used in conservation programs, since genetic data may prevent the loss of genetic diversity, a fact that is extremely correlated to the higher risk of species extinction. Despite this, we can conclude that the publications involving genetic diversity measurement using microsatellites are still rare in parrots, especially due to the high number of species of this animal group.
Birds conservation practices based on genetic data are increasingly necessary to address the impacts of human activities that have accelerated extinction and continue to threaten bird populations worldwide. Therefore, considerable research should be performed on parrots through the use of high polymorphic DNA markers, as microsatellites.
